Charged particles breaking the speed of light in an optical medium spontaneously create a shockwave of light just as jet planes breaking the speed of sound create a shockwave of sound, in a process called the Cherenkov effect. By applying a resonant laser-driving we can trigger stimulated Cherenkov emission and accelerate the particle. These and all of the other implementations of the Cherenkov effects were always fully described within the framework of classical physics. A similar classical treatment has been satisfactory in all experiments of free-electron radiation such as the Smith-Purcell effect and electron acceleration such as dielectric laser acceleration. These studies have solidified our understanding of these free-electron effects as completely classical. Meanwhile, theoretical work has predicted an underlying quantum nature to the Cherenkov effects, yet no experimental evidence has been found up to this date. Here, we observe the quantized nature of the stimulated Cherenkov effect by achieving coherent resonant electron-laser interaction. Each electron in our experiment is both accelerated and decelerated by simultaneously absorbing and emitting hundreds of photons in a coherent manner. Consequently, the quantum wavepacket of each electron evolves into a coherent plateau of hundreds of energy peaks quantized by the laser photon energy. This observation constitutes the relativistic free-electron analogue of above-threshold ionization, yet with orders of magnitude lower laser intensities, via the Cherenkov phase matched interaction of each electron maintained over hundreds of laser cycles. We measure all of the above in our laser-driven (ultrafast) transmission electron microscope, by utilizing (1) electron wavepacket duration longer than the laser cycle, necessary for the coherent interaction and (2) detection with energy resolution better than a single photon energy, revealing the quantized nature of the electron acceleration and deceleration. Our findings expose the quantum nature hidden in a wide range of free-electron phenomena: proving that stimulated electron-photon interaction cannot always be described in terms of classical point charges. Looking forward, exploiting quantum wave-dependent interactions may open a new degree of freedom in the design of dielectric laser accelerators, Smith-Purcell sources, and other free-electron processes.
Introduction
The interaction of free electrons with nanoscale-controlled laser fields has been a rich playground for new physics in recent years. The development of photon-induced nearfield electron microscopy (PINEM) [1] [2] [3] has provided a robust platform for exploring the quantum nature of free electrons interaction with photons. For example, such electron-laser interactions were used to demonstrate free-electron Rabi oscillations and quantum walk [4] , particle-wave duality with single electrons [5] , laser-controlled electron angular momentum [6] , measurement of cavity photons lifetime [7] , and proposals for arbitrary shaping of the electron quantum wavepacket [8] . The key to these discoveries is the precise control of electrons in microscopes, combined with the nanoscale control of nearfields driven by femtosecond lasers. One particularly fascinating aspect of these systems is that they provide the ability to witness a discrete exchange of energy quanta between the electron and the driving laser field [5, [9] [10] [11] [12] .
In all the work mentioned above, the net number of photon quanta exchanged with the electrons [2, 3] is limited by the nature of the interaction: the electron experiences alternating electromagnetic field directions that cancel out, in what can be called a lack of phase matching. Thus, typically less than a single cycle of the field contributes to the net interaction, and the eventual interaction strength remains limited. Here we show how a coherent quantum electron can circumvent the interaction limit, and we demonstrate the resulting resonant exchange of hundreds of photon quanta with a single electron. By matching the electron wavepacket and light (phase) velocities we achieve the so-called phase matching Cherenkov-type condition, so that each point in the electron wavepacket interacts with a fixed field direction (Fig. 1a) instead of an alternating one. The result is a resonant interaction in which parts of the electron wavefunction strongly gain energy while other parts strongly lose energy simultaneously, both coherently exchanging energy with the laser field. The coherent resonant interaction remains constructive over hundreds of microns, resulting in a modulated electron wavefunction that forms a quantized plateau extending over hundreds of electron-volts. Consequently, the same electron is both accelerated and decelerated by simultaneously absorbing and emitting hundreds of photons in our experiment.
The underlying phase matching condition is equivalent to the Cherenkov condition [13] [14] [15] therefore it provides a novel method for investigating the Cherenkov effect with a quantum electron wavefunction. Despite the vast interest in the Cherenkov effect (also called the Vavilov-Cherenkov effect) since its discovery in 1934 [13] and the Nobel Prize of 1958, all experimental work to date has involved only classical physics. Similarly, all applications of the Cherenkov effect, covering a wide range of fields, have remained strictly classical, for example, in particle identification [16] [17] [18] [19] , medical imaging [20, 21] , nanotechnology [22] , quantum cascade lasers [23] , nanophotonics [24] [25] [26] [27] , nonlinear optics [28] [29] [30] [31] [32] [33] , and even analogies with phonons [34] . Likewise, experiments using the stimulated Cherenkov effect for enhancing electron-laser interactions and for electron acceleration [35] [36] [37] [38] have all been explained entirely classically. The conditions of the latter experiments resemble those achieved in our work, although without the coherent conditions and without the precision required for measuring the quantum nature of the Cherenkov interaction. Consequently, we find quantum effects that could not have been observed in the past, and these effects cannot be explained by the classical Cherenkov theory used in all previous work (comparison in Fig.1 and Supplementary Note 2).
Interestingly enough, theoretical studies from 1940 reported by Ginzburg and Sokolov explored the Cherenkov effect within quantum electrodynamics (QED) [39, 40] . However, the effects were considered negligible in practice, and the celebrated Lev Landau even said at the time that "quantum corrections are immaterial" in the Cherenkov effect [41] . Despite this critique, recent papers have built on these studies and predicted new quantum effects [42] [43] [44] [45] that pose a far more fundamental puzzle with consequences to the foundations of light-matter interactions: Does general radiation emission depend on the wavepacket shape of the radiating particle or can it always be described in terms of a classical point charge? Several recent papers have predicted a dependence of both spontaneous and stimulated radiation on the wavepacket shape [46] [47] [48] [49] [50] . Although not involving radiation, it has been shown experimentally [51] that the electron shape alters the coupling to nearfield plasmonic excitations. Interestingly enough, another recent experiment further sharpens the puzzle by showing no dependence of the radiation on the wave nature of the electron in spontaneous emission phenomena [52] . To date, no experimental evidence has been found showing the dependence of any radiation phenomena, especially stimulated radiation, on the quantum wave nature of the radiating electron. Our work shows the first evidence that free-electron radiation cannot always be described in terms of classical point charges and requires the consideration of the electron's quantum wave nature.
This work experimentally demonstrates the underlying quantum nature behind the stimulated Cherenkov effect. We show how the Cherenkov interaction enables the strongest quantized electron-photon interaction achieved thus far, creating a new record in PINEM experiments. Responsible for these findings are the phase matching condition, combined with the wave nature of the electron, which together lead to the quantization of the electron energy in a plateau of peaks ( Fig.1) , which in some cases spread over more than a thousand electron-volts (Fig. 2) . Such an electron energy plateau has been previously only observed in pulsed photoexcitation of bound electrons as in the phenomenon of above-threshold ionization [53] . Such spectral features in electrons are the reason for the production of a similar comb of high laser harmonics, which opened the field of attosecond science [54, 55] . All of these rely on initially bound electrons that absorb multiple photons, but never free electrons. Our experiment is the first time that a free electron exhibits a plateau of quantized electron energies. Free electrons have markedly different physical phenomena and applications compared to bound electrons. For example, unlike bound electrons, free electrons can have relativistic velocities and therefore induce new relativistic effects, such as the Cherenkov effect that we have observed and are now reporting on. (a) Acquired electron energy spectra for different laser pulse durations (pink-280 fs, blue-600 fs, green-1300 fs), while the electron's pulse duration is kept at 300 fs. As we increase the laser pulse duration, the entire electron distribution feels the same laser amplitude, which creates a double-peaked structure in the electron energy spectrum (green) corresponding to the maximum emission into and absorption from the laser field. As we decrease the laser pulse duration and thereby increase its peak intensity, the maximal energy transfer increases, yet it has a smaller probability (pink) because only part of the electron distribution feels this peak laser amplitude. (b) Zoom-in of the blue spectrum in (a) with comparison to the quantum theory and classical theory (described in Supplementary Note 1 and 2). We observed up to 500 eV energy exchange for both the gain and loss and were able to resolve individual quantized peaks at the driving laser frequency. The measurements agree well with the quantum theory. (c) Experimental and theoretical time delay scans: changing the delay between the laser and electron pulses. We obtain a good match between theory and experiment by modeling the laser's temporal pulse shape to incorporate changes caused by our optical parametric amplifier [56] and by considering the long interaction length (Supplementary Note 4b). All the rest of the results in this work are presented at the point of maximal interaction (time-zero).
Results: experimental setup and theoretical analysis
The key to achieve the most efficient interaction between a free electron and light is matching their phase velocities. This was done in classical free electron experiments of different kinds [35-37, 57-59, 60, 61] , and we have now done it in a quantum free electron experiment. To satisfy the phase matching condition, the light must be slowed down, which we achieve by propagating the light in an optical medium so that it undergoes total internal reflection. Consequently, an evanescent tail extends outside the medium into vacuum, where it interacts with the electron that grazes the surface ( Fig.  1a and Fig. 3 ). A similar prism setup was used in [38] to achieve phase matching conditions with an electron beam grazing a dielectric surface in a scanning electron microscope. This process, in which electron grazed a dielectric surface while satisfying the Cherenkov condition, is sometimes called the Cherenkov-Landau effect [62] . Similar grazing angle experiments were used in other setups to excite plasmons [63] and to observe the Smith-Purcell effect [64, 65] . In contrast, we achieved these conditions for the first time using coherent electrons that we measured with an energy spectrometer that has a resolution better than the single photon energy. This allowed us to measure, also for the first time, the quantum features of the electron in these kinds of interactions.
For such phased-matched quantum-coherent interactions we created a grazing angle experiment over hundreds of microns [66] in an ultrafast transmission electron microscope (UTEM). Our experiment required overcoming the challenge of collimating the electron beam over this large distance (see Methods section), constantly remaining a few hundreds of nanometers from the surface. This grazing interaction was achieved while tuning the electron velocity to the phase matching condition. Our work constitutes what is, to the best of our knowledge, the first realization of a grazing-angle experiment in a transmission electron microscope. The electron pulse is generated by photoexcitation with a UV pulse to generate electrons that graze the surface of a prism while interacting with a second laser pulse that enters the prism and experiences total internal reflection from its surface. The electrons are measured with an electron energy loss spectrometer (EELS). (b) Zoom-in on the interaction area along the prism surface, showing all the parameters required to quantify the interaction. The laser pulse undergoes total internal reflection inside the prism, generating an evanescent field that extends to vacuum and interacts with the free electron. Inset: an image of the prism positioned on the edge of a hole through which the electrons can pass (see Supplementary Note 3 and 4 for the exact calculations).
The interaction strength can be quantified by a single dimensionless parameter that we call the PINEM number or the coupling constant. In many cases [2, 3] , this parameter can be derived by integration of the electric field along the electron trajectory:
, with 1 being the electric field component, > the electron charge, ω the laser frequency, and A the electron velocity. In the case where the Cherenkov phase matching condition is satisfied, the PINEM number is given by
where F , 1 are the components of the wavevectors of the incident laser field, and F = F describes the evanescent decay of the field. The interaction strength depends on the electron distance from the surface . We tune the electron velocity to be phasematched with the driving laser by satisfying 1 = / A , which is equivalent to the Cherenkov condition cos = / A , with being the index of refraction of the medium and the angle between the laser and electron (see Supplementary Note 3 for details). When the phased matching Cherenkov-type condition is satisfied, the integrand is no longer periodic and therefore, instead of canceling out after every period of the field, it is summed up over the periods.
The seeming divergence in is bounded in practice by the finite length of the interaction [67] . As a result, is proportional to an effective length of interaction ATT , which is defined so we can write
. The resulting PINEM number can become more than an order of magnitude larger than reported in all previous papers on coherent electron-laser interactions [1, 4, 5, 11, 68, 69] . In previous experiments, the interaction length was found to be limited to a single cycle of the field. The reason is either that the electron interacts over only a short distance of a nearfield excitation (e.g., plasmon) [5, 12, 70, 71] , or because the field discontinuity in a mirror yields half an interaction cycle [72, 73] , or because of interactions with other localized excitations [6, 10, 74, 75] . In all of these cases, typical PINEM numbers are | |~V
. The reason for the record interaction strength achieved in this study can now be seen clearly: the long interaction length ATT that we show in this paper to be a few hundreds of microns is orders of magnitude larger than the the optical wavelength (several hundred nanometers), which was the relevant length scale in previous PINEM papers. Consequently, we achieved a PINEM number of | |~150, which corresponds to a maximum energy gain/loss of 510 eV (see the data in Fig. 2 and the equivalent energy values in Fig. 4) . Moreover, by using a shorter and more intense pump pulse, part of the electron distribution achieves a PINEM number of ~280, which corresponds to a maximum energy gain/loss of ~950 eV (compare pink and blue energy spectra in Fig.  2a) . The result is that the electron exchanges hundreds of photons with the field, becoming a coherent superposition of energy peaks in the form of a quantized plateau (see Fig. 2 ). Figure 4 shows how the interaction strength is affected by the phase matching parameters: The acceleration voltage controls the electron kinetic energy ( A =207.2 keV) and determines its velocity ( A =0.7027 c). The laser wavelength ( =730 nm) changes the index of refraction (n=1.512) via the dispersion of the medium. The strongest interaction at each wavelength in Fig. 4a follows a curved line that satisfies the phase matching condition. Notice the sensitivity of the interaction to the electron energy. For example, a small change in the electron energy, by only 2 keV, can result in the PINEM number changing significantly by an order of magnitude. The electron energy spectra in Figs. 4(c) -(e) highlight the importance of the phase matching for the interaction strength: Roughly, the maximum number of photons exchanged is 2| |, and the energy exchange (the edge of each spectrum) is 2ℏ | |. See Supplementary Note 1 for the theoretical analysis. Figure 4a highlights an important trade-off: although the interaction is stronger for longer wavelengths, it makes the quantum features harder to measure experientially, because the distance between adjacent peaks shrinks (see insets in Figs. 4c-e) . Another important trade-off is created by the length of the medium (500µm). Figure 4b shows that a longer medium interface increases the interaction length, which can increase . However, a longer medium also restricts the electron to stay further away from the interface due to its unavoidable spread angle (1 mrad = 0.057°), which creates an exponential decrease in the interaction strength beyond a certain medium length. This is shown using dashed lines in Fig. 4b . In practice, the interaction length also depends on ATT [67] . We plot the interaction strength, quantified by the energy spread (2| |ℏ C ), as a function of the electron initial kinetic energy and the wavelength of the laser, showing the curve of perfect phase matching. The shallow panel below the map is a reminder of the photon energy vs. wavelength, to emphasize that the distance between peaks in the spectra changes with the wavelength. As we increase the wavelength, we obtain a stronger interaction, but we gradually lose the ability to resolve individual peaks. (b) The coupling constant as a function of the prism length for different divergence angles of the electron beam (Δ = 0 is a perfectly collimated beam). By fitting our data, we estimate a beam divergence of Δ ≈ 1mrad. This parameter also includes a deviation from a perfect straight trajectory, because the beam follows a helical trajectory created by the magnetic field of the objective lens. Because of this divergence, larger interface lengths require the electron beam to be farther away from the prism, which explains the eventual decay of all the curves, except for the curve of the perfectly collimated beam. There is a threshold length bounded by the laser spot size projected on the interface (~350 µm, yellow dotted line). Above this length, increasing the length of the interface only results in a decay in (dashed curves). The red arrow shows the point at which we work in our experiment and the purple dotted line marks the length of the interface (500 µm) we used. 
Discussion
In comparison of the experimental results with the PINEM theory prediction for the electron energy spectrum, we find an excellent match. We also notice a strong asymmetry between the gain and loss sides in our measured spectrum. This asymmetry can be explained by several energy loss mechanisms that differ from the stimulated Cherenkov effect, such as bulk plasmon emission and core losses. Another potential reason for the asymmetry could be the overall strength and length of the interaction, producing 100's of energy peaks over a distance of 100's of microns, which may begin to break the PINEM approximation [2, 3] .
The resonant absorption of radiation incident at the Cherenkov angle not only provided a scenario for exploring the stimulated Cherenkov effect, but also enabled us to accomplish phase matching between the driving laser and the electron velocity. The phase matching yielded the strongest PINEM signal to date, extending the standard energy scale by more than an order of magnitude. In fact, it is likely that the resonant enhancement has broken the PINEM approximation for the first time in the laboratory.
Our work has experimentally demonstrated the quantum nature of the stimulated Cherenkov effect, and in general of any stimulated radiation process by a free electron, showing quantum features that depend on the electron being a wavepacket and not a point particle. The results of this study also conform to many of the related theoretical predictions about stimulated radiation mechanisms, showing that indeed stimulated radiation processes depend on the quantum wavepacket of the electron [48] [49] [50] , in contrast to certain spontaneous radiation processes [52] .
In addition to the electron emitting stimulated Cherenkov radiation in our experiment, it is also expected to emit regular (spontaneous) Cherenkov radiation throughout its motion. However, there is a subtlety; the electron has been modulated into a comb of energy peaks and therefore the subsequent Cherenkov emission will also be composed of multiple radiation orders, at different angles and frequencies. (We have, in fact, already begun to explore this theoretically [76] ). This could be an intriguing avenue for exploring the wavefunction dependence of spontaneous radiation.
The phase matching we get from the Cherenkov condition is analogous to the phase matching utilized in dielectric laser acceleration (DLA) [77] [78] [79] [80] . In DLAs, a tailordesigned laser-driven nanophotonic structure has a field mode that achieves phase matching and accelerates the particle. In our stimulated Cherenkov, it is the evanescent mode propagating along the surface of the prism that acts as the effective means of acceleration. Our UTEM system can operate at energy scales (40-200 keV) that complement the existing experimental setups used for testing DLA devices. Most importantly, the wave nature of the electron gives another degree of control to the acceleration process, thereby opening up another avenue of research for these systems. What we can say at this point from comparing the quantum theory to the conventional classical one, is that the quantum theory captures the fine details (individual energy peaks) and provides a more accurate prediction of the regimes of highest acceleration and deceleration (further discussion in Supplementary Note 2). Consequently, our findings in this work can have strong implications to the design of future DLAs.
More generally, analogous phase matching conditions appear in other free-electron radiation effects such as the (stimulated-)Smith-Purcell effect [58] and various undulator concepts [59, 60, [79] [80] [81] . In all these, the electron was always described as a classical point charge, and we now show a completely new regime where these kinds of effects are essentially quantum and require a wavefunction to match the experiment. We expect analogous experiments to our work presented here to reveal underlying quantum wave effects and quantized electron energy exchanges in all these systems.
One way to understand our result is to consider previous PINEM experiments as implementations of laser-driven transition radiation and stimulated transition radiation [1, 4, 5] . The quantized electron-laser energy exchange is explained in all PINEM experiments by the electron's quantum wavefunction. Our laser-driven Cherenkov experiment differs in one major way: It is the first to achieve the resonant phase-matched interaction that results in a record-strong energy exchange. The qualitative difference is the emergence of the wide plateau of energy peaks. Consequently, we can recall all the results of previous work and recast them in our new phase-matched conditions. For example, the previously discussed creation of electron attosecond pulses [82] [83] [84] can now be enhanced by phase matching. The result will be a thousand individual pulses all part of the same single electron. Since PINEM numbers of ~5 can lead to an electron pulse of Δt < 100 attosecond duration [8] , we can expect [85] that PINEM numbers of ~500, not far from what we have demonstrated here, will create electron combs with sub-attosecond time scales; a long-held goal [73] for exploring zeptosecond science. Future experiment with better alignment, longer interaction, and higher laser intensities, would inevitably result in even narrower electron pulses and a wider plateau of quantized energy peaks.
The fact that we have achieved phase matching in our system also opens the door for the exploration of ultrastrong coupling in electron-photon interactions. It was predicted recently [86] that combining a high-Q photonic cavity with a phase-matched interaction could lead to new electron quantum optics phenomena [86, 87] . We have recently demonstrated a free-electron stimulated interaction with high-Q photonic cavities [7] , which can serve as the platform for free-electron cavity QED interactions in the UTEM. Looking ahead, we envision combining the phase-matched interaction with a photonic cavity as a route to achieve ultrastrong coupling of free electrons and light. The cavity will channel any emitted photons that can then be resonantly reabsorbed by the electron, creating a strongly-coupled electron-photon hybrid. This hybrid will enable the exploration of novel processes such as extreme mass renormalizations, and potentially even cavity-mediated Cooper pairs of free electrons.
Methods

Experimental setup -ultrafast transmission electron microscope (UTEM)
All the experiments presented in this work were conducted using a UTEM (Jeol-2100 Plus) in nano-beam diffraction (NBD) mode operating at > ≈ 207KeV. The setup consisted of a right-angle prism made of BK7 (index of refraction: = 1.512 @ = 730 nm) at a height of 500 µm. The prism was placed on a specially designed TEM holder with one of its faces exposed to the electron beam. By splitting the laser source (LightConversion, Carbide), we created a pump-probe setup, where one UV pulse generates photo-electrons (probe) and a second laser pulse excites the sample and creates the desired EM field (pump). The laser pulse and UV pulse are generated from the same source, and by a relative delay the UTEM setup gives us precise control over the relative arrival time of the electron and laser pulses, which in our experiment also depicts their place of interaction. The pump pulse (730 nm) is coupled into the prism and goes through total internal reflection by the exposed face of the prism, exciting an evanescent nearfield that interacts with the electrons (Fig. 3) . We chose the wavelength of 730 nm by consideration of our optical parametric amplifier conversion efficiency, while limiting ourselves to a range where we maintain the ability to resolve individual peaks (our zero-loss peak width is ~1.1 eV in all figures except for Fig. 1d where it is ~0.6 eV).
We used a Gatan electron energy loss spectrometer (EELS) with a resolution of 0.1 eV, allowing us to reveal the hidden quantum features of the interaction. The actual limit in observing individual energy peaks is the width of the electron zero-loss peak. In Fig. 2 , we show three examples of EELS of the stimulated Cherenkov effect. We succeeded in observing electrons that gain or lose up to 500 quanta of energy.
To determine the correct parameters for the phase matching, we calculated the beam path inside the prism (see Supplementary Note 4b). This calculation determines the required angle of incidence of light on the face of the prism that satisfy phase matching (70.2°) for the chosen electron's kinetic energy (207.2 keV) and the laser's wavelength (700 nm). To obtain these parameters, we use an incident angle of the pump laser before its transmission into the prism of 40.0°, which is the prism's base angle (45.0°) minus the laser coupling angle (5.0°).
We note that the phase matching can also be understood as conservation of energymomentum between the electron and light. This gives the most efficient way to transfer energy between the two by satisfying the condition 1 = / A . The reason for the efficient coupling is that in a spatial Fourier space representation of the pump laser field, this single 1 component carries most of the field energy. Using the precise electron alignment and the field tilt by the prism, we match the electron velocity and this exact 1 value so that the interaction is strength is maximized.
The grazing angle interaction -alignment challenges
The main experimental challenge of this work was the alignment of the electron beam to interact with the evanescent laser near-field near the face of the prism. Any small tilt of the beam relative to the prism results in the electron beam's trajectory being farther away from the face of the prism, which therefore leads to a significantly weaker interaction. The electron beam size also controls the spatial overlap (see Supplementary Note 4a) that results in a more "rounded edge" spectrum when using a bigger electron beam diameter (controlled by the condenser aperture).
Furthermore, Fig. 4a shows that the interaction strength as function of acceleration voltage has multiple sidelobes when the interaction is truncated by the prism surface length (500 µm). The distance between the sidelobes scales inversely with the interaction length, see Supplementary Note 3. Those sidelobes disappear when considering the transverse spatial Gaussian shape of the pump laser (see Supplementary Note 4b Fig. 4S ). The laser spot size on the face of the prism was on the order of ~350 µm, for an incident pump laser spot size of 100 µm. Taking this into account, we arrive at a more general formula for the interaction strength as a function of the acceleration voltage, which is what we fit to the data. To achieve parallel electron illumination, we chose to work in nano-beam diffraction (NBD) mode together with a 70 µm condenser aperture. Then, the current center was set by wobbling the objective's current (first with no condenser aperture to obtain sufficient counts) while minimizing the spot movement (spot alignment together with beam tilt). The prism tilt angle was set by minimizing the prism shadow. Then, the condenser aperture was inserted (70 µm diameter) for a smaller spot size and the same steps were repeated. The estimated convergence angle of the electron beam is 1 mrad, which translates to an average distance from the prism of C~2 50 nm (see Supplementary Note 4a).
As a final step, we minimized the deviation of the electron motion from a parallel path. The electron always follows a slightly helical path that arises from the strong magnetic field. We adjust the beam tilt while looking at the change in the prism's shadow while wobbling the objective. We estimated the helix radius and pitch using the Lorentz force A = A × for our magnetic field of 1.4 T, and electron convergence angle of (worst case scenario) 1 mrad relative to the objective axis. We obtained a helical path with a pitch of 5.38 mm and radius of 0.86 micron, which changes the beam distance from our prism by 100 nm. It is important to also note that because our sample is much taller than regular samples, our interaction might be affected by the inhomogeneity of the magnetic field near the pole pieces.
